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The genus Nairovirus (family Bunyaviridae) contains seven serogroups consisting of 34 predominantly tick-borne viruses, including
several associated with severe human and livestock diseases [e.g., Crimean Congo hemorrhagic fever (CCHF) and Nairobi sheep disease
(NSD), respectively]. Before this report, no comparative genetic studies or molecular detection assays had been developed for this virus genus.
To characterize at least one representative from each of the seven serogroups, reverse transcriptase-polymerase chain reaction (RT-PCR)
primers targeting the L polymerase-encoding region of the RNA genome of these viruses were successfully designed based on conserved
amino acid motifs present in the predicted catalytic core region. Sequence analysis showed the nairoviruses to be a highly diverse group,
exhibiting up to 39.4% and 46.0% nucleotide and amino acid identity differences, respectively. Virus genetic relationships correlated well with
serologic groupings and with tick host associations. Hosts of these viruses include both the hard (family Ixodidae) and soft (family Argasidae)
ticks. Virus phylogenetic analysis reveals two major monophyletic groups: hard tick and soft tick-vectored viruses. In addition, viruses
vectored by Ornithodoros, Carios, and Argas genera ticks also form three separate monophyletic lineages. The striking similarities between
tick and nairovirus phylogenies are consistent with possible coevolution of the viruses and their tick hosts. Fossil and phylogenetic data placing
the hard tick–soft tick divergence between 120 and 92 million years ago suggest an ancient origin for viruses of the genus Nairovirus.
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The genus Nairovirus of the family Bunyaviridae
includes 34 predominantly tick-borne viruses (Elliott et
al., 2000; Nichol, 2001) that have been divided into seven
serogroups (Table 1). Several of these groups have wide
geographic distribution, a phenomenon that may correlate
with virus movement via vertebrate amplifying hosts, par-
ticularly migratory birds. Nairobi sheep disease (NSD)
virus, first obtained from sheep in 1910 in Nairobi, Kenya,
causes hemorrhagic gastroenteritis in livestock with high
morbidity and often mortality in excess of 75% in sheep
(Davies et al., 1978; Karabatsos, 1985; Terpstra, 1994).
Crimean Congo hemorrhagic fever (CCHF) virus is known
to occur throughout many geographic regions that corre-0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: stn1@cdc.gov (S.T. Nichol).spond to the distribution of its principle vector, ixodid ticks
(Table 1) of the genus Hyalomma (Hoogstraal, 1979;
Nichol, 2001; Swanepoel, 1994). Human disease caused
by CCHF virus is characterized by a rapidly progressing
hemorrhagic fever with case fatality of 10–50%. Despite
the disease importance of several genus members, the only
virus for which complete genome sequence has been
determined is that of Dugbe virus (Marriott and Nuttall,
1996). From the genetic data available for Dugbe and
analogy with the genomes of other well-characterized mem-
bers of the family Bunyaviridae, the genome of members of
the genus Nairovirus is thought to be composed of three
segments of negative-sense, single-strand RNA with the
small (S), medium (M), and large (L) segments encoding
the viral nucleocapsid (N) protein, mature glycoproteins Gn
and Gc, and the viral polymerase (L), respectively (Elliott et
al., 2000; Marriott and Nuttall, 1992, 1996; Watret and
Elliott, 1985). To date, no comparative genetic studies or
molecular detection assays have been reported for this virus
genus. Here, we present a genetic comparison of 14 viruses
(Table 1) representing all seven genusNairovirus serogroups.
Table 1
Serogroup Virus Strain Isolation Geographic Location Disease Tick Vector
CCHF
group (3)a
Africa, Asia, Europe Predom. Hyalomma;
also Dermacentor,
Rhipicephalus, Ixodes,
Haemaphysalis
CCHF Africa, Asia, Europe Human Predom. Hyalomma;
also Dermacentor,
Rhipicephalus
IbAr10200 1966 Sokoto, Nigeria Hyalomma excavatum
Hazara Asia Ixodes redikorzevi
JC 280 1964 Kaghan Valley, Gitidas,
Hazara District, Pakistan
Ixodes redikorzevi
Dera Ghazi Africa, Asia, Australia Predom. Argas
Khan group Abu Hammad Africa, Asia Argas hermanni
(6) Eg Art 1194 1971 Abu Hammad
Shargiya, Egypt
Argas hermanni
Abu Mina Africa Argas streptopelia
Eg An 4996 1963 Bahig, Egypt Argas streptopelia
Hughes
group (10)
Americas, Europe,
Africa, Asia
Predom. Carios;
also Argas
Farallon North America Carios capensis
USA Ar 846 1964 or 65 Farallon Islands,
California
Carios capensis
Punta Salinas Peru, Tanzania Human Carios amblus,
Argas arboreas
Cal. Ar 888 1967 Punta Salinas,
Huacho, Peru
Carios amblus
Raza North America Carios denmarki
829 1962 Raza Island, Gulf of
Mexico, Mexico
Carios denmarki
NSD
group (2)
Africa, Asia Amblyomma, Boophilus,
Hyalomma, Rhipicephalus,
Haemophysalis
Dugbe Africa Human Predom. Amblyomma;
also Boophilus, Hyalomma,
Rhipicephalus
ArD44313b 1985 Bouroufaye, Senegal Amblyomma variegatum
NSD Africa, Asia Human,
livestock
Rhipicephalus
appendiculatus,
Haemophysalis
intermedia
RV082 ? Kenya Rhipicephalus
appendiculatus
Ganjam IG 619 1954 India Haemophysalis
intermedia
Qalyub Africa Ornithodoros
group (4) Bandia Senegal Ornithodoros sonrai
IPD/A 611 1965 Bandia Forest,
Thies Region, Senegal
Ornithodoros sp.
Qalyub Egypt Ornithodoros erraticus
Eg Ar 370 1952 Qalyub, Qalyubiya
Province, Egypt
Ornithodoros erraticus
Sakhalin
group (7)
Europe, N. America,
Asia, Australia
Ixodes
Tillamook North America Ixodes uriae
RML 86 1970 Oregon, USA Ixodes uriae
Thiafora Europe, Africa unknown
group (2) Erve Europe Human unknown
An 221 1982 France unknown
CCHF—Crimean Congo hemorrhagic fever virus; NSD—Nairobi sheep disease.
a Number of viruses within the group is indicated in parentheses.
b Dugbe virus L sequence was obtained from GenBank entry NC_004159.
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of these viruses and show that their genetic grouping
correlates well with virus serologic data and host tick
relationships.Results and discussion
Primer design
On initiation of this study, nucleotide sequence data were
available for members of only two of the seven serogroups
within the genus Nairovirus. These included the complete
nucleotide sequences of the S, M, and L segments of Dugbe
virus (NSD group), the S and M segments of CCHF virus
(CCHF group), and only the S segment of Hazara (CCHF
group) and NSD (NSD group) viruses (Marczinke and
Nichol, 2002; Marriott and Nuttall, 1992, 1996; Sanchez
et al., 2002). These sequences were examined with the aim
of predicting reverse transcriptase-polymerase chain reac-
tion (RT-PCR) primers that would be broadly reactive with
other viruses of the genus Nairovirus and allow for genetic
analysis of the relationships among viruses of all seven
serogroups within the genus. We had previously attempted
to design broadly reactive primers based on available S
segment sequences. These had proven successful in assist-
ing sequence analysis of African and Asian NSD viruses
(Marczinke and Nichol, 2002) but had limited success in
reactivity with other nairoviruses for which we lacked
genetic information (data not shown). This led us to focus
primer design efforts on the highly conserved polymerase
domains located within the L protein-encoded regions of the
virus genome despite there being only one available nairo-
virus L segment sequence. A Position-Specific Iterated
(PSI)-BLAST search of all virus sequences available in
the nr (all non-redundant GenBank CDS translations +Fig. 1. Nairovirus genus RT-PCR primer design and comparison of protein region
Qalyub virus, BDA—Bandia virus, RAZA—Raza virus, FAR—Farallon virus, P
NSD—Nairobi sheep disease virus, NSDG—Nairobi sheep disease (Ganjam strai
virus, DUG—Dugbe virus, ERVE—Erve virus, TIK—Tillamook virus, and Con—
Marriott and Nuttall, 1996; Muller et al., 1994) are indicated. By analogy to the inf
(KLIHATTEMFSR) are thought to be associated with binding of the 3Vtermini of v
= A or G.RefSeq Proteins + PDB + SwissProt + PIR + PRF) database
available at the NCBI website (http://www.ncbi.nlm.nih.
gov/) was carried out using the Dugbe virus L polymerase
amino acid sequence as the query sequence. After several
iterations, multiple conserved short amino acid motifs were
identified among the polymerase proteins of single-strand
segmented RNA viruses, including members of the Bunya-
viridae and Arenaviridae families, Tenuiviruses, and PB1
proteins of the influenza viruses (data not shown). These
included the previously identified conserved motifs de-
scribed by others (Aquino et al., 2003; Marriott and Nuttall,
1996; Muller et al., 1994). Using these relatively conserved
motifs as a guide, several sets of oligonucleotide primers
were designed and their usefulness was investigated relative
to a diverse panel of representative nairoviruses (Table 1).
Primers 6942 + and 7385 (see Fig. 1) produced PCR
products for all 14 virus representatives of the genus
Nairovirus. Primer 7385 (5VACAGCARTGIATIGGIC-
CCCAYTT 3V) was designed based on the central motif A
amino acids KW (boxed, lower right, Fig. 1) which are
conserved among the L polymerases of members of the
Bunyaviridae and Arenaviridae families, Tenuiviruses, and
PB1 proteins of the influenza viruses. Primer 6942 + (5V
ATGATTGCIAAYAGIAAYTTYAA 3V) was designed based
on a less well-defined motif upstream of Premotif A. The
SNFN core (boxed, lower left, Fig. 1) is conserved among
the L polymerases of family Bunyaviridae viruses Dugbe
(genus Nairovirus) and Uukuniemi and Rift Valley fever
(both genus Phlebovirus), and the partial core SNF can also
be seen in the polymerase of Toscana virus (genus Phlebo-
virus) and the Tenuiviruses.
High diversity among viruses of the Nairovirus genus
The nucleotide sequences of the PCR products ampli-
fied using these primers were determined and comparedencoded by PCR fragments generated from representative viruses. QYB—
S—Punta Salinas virus, AH—Abu Hammad virus, AM—Abu Mina virus,
n) virus, HAZ—Hazara virus, CCHF—Crimean Congo hemorrhagic fever
consensus. The locations of Premotif A and Motif A (Aquino et al., 2003;
luenza A virus PB1 protein, the C-terminal 12 amino acids of the Premotif A
RNA (Li et al., 1998). Within the primer sequences y = C or T, i = inosine, r
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AY359530). No nucleotide insertions or deletions were
found within the 442-nucleotide region sequenced. How-
ever, differences of up to 39.4% and 46.0% were found
among the nairoviruses at the nucleotide and amino acid
level, respectively (Table 2). As the region analyzed
includes the more highly conserved polymerase catalytic
core domain, the considerable sequence variation seen
within this fragment indicates the genus Nairovirus con-
tains a highly diverse collection of viruses. The most
variable region of amino acid sequence was located be-
tween the highly conserved Motif A and Premotif A
regions (Fig. 1). By analogy with functional data generated
for influenza virus PB1 protein, the C-terminal 12 amino
acids of the Premotif A (KLIHATTEMFSR) are thought to
be associated with binding of the 3Vtermini of vRNA (Li et
al., 1998). A high degree of amino acid conservation is
seen in this region, consistent with this proposed function.
Of interest, a 15-amino-acid region (GERLPRSVRSK-
VIYE) N-terminal to the Premotif A region was found to
be completely conserved among the nairoviruses analyzed
(Fig. 1). No strongly significant matches were detected
when this sequence was compared to other virus sequences
in the GenBank database, although some identity could be
seen relative to viral DNA-dependent DNA polymerases
(e.g., Genbank no. AAB67116), RNA-dependent RNA
polymerases of dsRNA viruses of the Totiviridae family
(e.g., GenBank nos. AAD11603 and AAB02146) and
RNA polymerase ADP-ribosylases (e.g., GenBank no.
AAD42533).
Virus genetic relationships reflect serologic groupings and
host tick associations
Phylogenetic analysis of the nucleotide and deduced
amino acid sequence differences among these virusesTable 2
Nucleotide and amino acid sequence identity differences of the sequenced region
Nucleotide Sequence Identity difference (%)
BDA QYB FAR Raza PS AM
Bandia (BDA) – 22.0 33.9 34.3 34.3 33.0
Qalyub (QYB) 07.3 – 34.8 35.6 35.1 32.2
Farrallon (FAR) 35.3 38.6 – 15.1 22.6 28.7
Raza 36.7 41.6 03.4 – 21.0 30.5
Punta Salinas (PS) 35.3 38.6 11.5 10.9 – 35.0
Abu Mina (AM) 34.7 33.5 27.9 29.2 34.0 –
Abu Hammad (AH) 31.2 31.5 30.6 33.3 34.7 13.6
NSD Africa (NSD) 36.7 39.4 41.5 42.1 40.8 38.1
NSD Asia (NSDG) 36.7 39.4 41.5 42.1 40.8 38.1
Hazara (HAZ) 36.7 40.9 38.1 38.1 42.2 36.7
Dugbe (DUG) 42.8 46.0 42.8 43.5 42.2 39.4
CCHF 39.4 42.0 38.8 40.8 40.8 38.8
Erve 42.1 45.2 40.1 40.8 39.4 42.1
Tillamook (TIK) 34.0 35.7 40.1 39.4 43.5 38.1
Amino acid sequence identity difference (%)
Nucleotide and amino acid sequence identity differences are shown above and bel
segment is from GenBank entry NC_004159.provided insight into the interrelationship of these viruses
(Fig. 2). The phylogenetic relationships, which were esti-
mated from maximum likelihood analysis of nucleotide
differences (Fig. 2A) or maximum parsimony analysis of
amino acid differences (Fig. 2B), showed only minor
differences. The overall phylogenetic relationship of the
viruses closely resembles the serologic groupings deter-
mined previously (Karabatsos, 1985). The monophyletic
relationships of the Qalyub serogroup viruses (Qalyub and
Bandia), Hughes serogroup viruses (Raza, Punta Salinas,
and Farallon), and Dera Ghazi Khan serogroup viruses
(Abu Mina and Abu Hammad) are well supported in both
nucleotide and amino acid analyses (Fig. 2). In addition,
the single representatives of the Sakhalin serogroup (Till-
amook virus) and Thiafora serogroup (Erve virus) are very
distinct relative to the other nairoviruses. The situation is
less clear with the viruses of the NSD and CCHF
serogroups in which viruses do not fall into two mono-
phyletic groups corresponding to the serologic groups (i.e.,
one containing NSD and Dugbe viruses, and the other
containing CCHF and Hazara viruses). These viruses
appear to be more closely related to each other than to
other serogroup viruses, and reasonable bootstrap support
(64% and 82% in the nucleotide and amino acid analyses,
respectively) is found for a monophyletic grouping of
these four viruses, consistent with their having a shared
ancestor.
A similar lack of monophyly of the individual NSD and
CCHF serogroups was seen on phylogenetic analysis of the
sequence differences among these viruses based on S
segment sequences (Marczinke and Nichol, 2002). Unfor-
tunately, the issue cannot be examined relative to the virus
M segments as sequences are available only for CCHF and
Dugbe viruses. However, the combination of data from the
L and S segments suggests a more complex relationship
exists among these viruses than indicated by the serologics among the nairoviruses analyzed
AH NSD NSDG HAZ DUG CCHF Erve TIK
30.5 34.6 33.9 36.6 38.9 37.5 37.7 32.8
32.4 36.5 36.3 36.5 39.4 35.8 35.3 31.9
31.0 36.2 37.5 34.8 34.1 35.7 35.7 34.8
32.3 35.0 36.0 34.0 33.2 34.0 36.0 36.6
32.8 35.7 36.8 36.2 37.3 35.0 33.5 35.0
25.5 33.0 33.7 34.1 32.3 34.6 34.1 33.4
– 38.0 35.0 36.6 36.1 36.6 34.6 34.1
40.1 – 09.3 27.8 26.2 27.3 33.0 32.5
40.1 00.0 – 26.0 28.0 27.8 31.9 33.2
39.4 10.8 10.9 – 29.1 29.4 32.5 33.2
40.8 12.9 12.9 19.7 – 29.4 32.5 35.9
38.1 11.5 11.5 14.9 16.3 – 30.9 35.9
40.1 29.9 29.9 30.6 34.7 29.2 – 35.0
37.1 33.3 33.3 30.6 39.4 34.7 41.5 –
ow the dashed diagonal line, respectively. The region of the Dugbe virus L
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tion of the older serologic data on which these groupings are
based, a low-titered relationship had been demonstrated
between CCHF and NSD viruses by complement fixation
assay, fluorescent antibody assay, and indirect hemaggluti-
nation assay (Davies et al., 1978; Karabatsos, 1985).
Further examination of the virus phylogeny reveals a
relationship relative to the tick hosts of these viruses (Fig.
2). A deep division exists that separates the viruses into two
major monophyletic groups. One contains the Qalyub,
Hughes, and Dera Ghazi Khan serogroup viruses, which
are associated with soft ticks (family Argasidae) of the
Ornithodoros, Carios, and Argas genera. The other contains
the NSD, CCHF, Thiafora, and Sakhalin serogroup viruses
associated with hard ticks (family Ixodidae) of the Ixodes,
Hyalomma, Dermacentor, Rhipicephalus, and Haemophy-
salis genera. Tick phylogenies based on 18S nuclear rDNA
sequence differences (Black et al., 1997) or morphologic
differences (Klompen and Oliver, 1993) support this major
division and are consistent with traditional tick classification
in this regard. Furthermore, within the soft tick-associated
virus lineages, monophyletic groupings are strongly sup-
ported for viruses associated with Ornithodoros, Carios,
and Argas genera (100%, 100%, and 99% in the nucleotide
analysis, respectively). Within the hard tick-associated virus
lineages, viruses associated with Ixodes species ticks are
found ancestral to viruses associated with other hard ticks.
Based on this relationship, Erve virus is expected to also be
associated with Ixodes species ticks. These features of the
virus phylogeny are consistent with the phylogeny of their
predominant tick hosts (Black et al., 1997; Klompen and
Oliver, 1993). Arguments have been made previously
concerning the potential co-speciation of ticks and their
hosts due to high degrees of tick adaptation to hosts
(Hoogstraal and Kim, 1985; Oliver, 1989). The striking
similarities seen between tick and nairovirus phylogenies
may further extend this co-speciation concept to include
virus–tick coevolution. The dating of the hard tick–soft tick
divergence has not been accurately determined, but several
groups place this major division at between 120 and 92
million years ago based on fossil and phylogenetic lines of
evidence (Klompen and Grimaldi, 2001; Mans et al., 2002).
Although unlikely, these data cannot rule out the possibilityFig. 2. Phylogenetic relationship of the L segments of Nairovirus genus viruses. (P
a 442-nucleotide region of virus L segments of at least one member of each
PAUP4.0b10 (Sinauer Associates Inc.). Initial analyses suggested the third codon
variation was observed at this position and represented a source of homoplasy in th
carried out excluding the third codon position bases. The HKY85 substitution mod
0.199, G = 0.248, T = 0.225) and estimations of transition/transversion ratios, pr
analysis resulted in a Ln likelihood of 1779.53 with an estimated transition to tra
likelihood method, using default settings and 500 pseudoreplicates of the data se
(Panel B) Maximum parsimony analysis of the aligned 147-amino acid sequence d
PROTPARS weighting matrix. Two equally parsimonious trees were obtained, the
CCHF viruses flipping between the two trees. Bootstrap analysis was carried out
values greater than 50% are shown next to the relevant nodes on the tree.of introduction of nairoviruses post hard tick–soft tick
divergence with subsequent horizontal virus transmission
between the tick groups. As more complete virus and tick
genetic data are analyzed and more definitive tick–host
relationships are identified, it will be interesting to see if
further evidence can be found for an ancient origin for
viruses of the genus Nairovirus.
In summary, these findings document for the first time
the high diversity of viruses associated with the seven virus
serogroups within the genus Nairovirus, and show that this
diversity correlates well with virus serologic data and host
tick relationships. In addition, these studies demonstrate the
utility of the described primers for detection of members of
the genus Nairovirus which includes several causes of
human and livestock diseases and biosafety level 4 viruses,
such as CCHF virus, which are on the Select Agent list of
agents with bioterrorism potential. These results suggest
that further testing and refinement of primers targeting
highly conserved polymerase core motifs should provide
additional useful diagnostic primers for viruses of the
family Bunyaviridae.Materials and methods
Virus stocks and RNA extraction
Bandia, Qalyub, Raza, Punta Salinas, Farallon, Abu
Mina, Abu Hammad, Erve, and Tillamook viruses were
kindly provided by Dr. Robert Shope at the University of
Texas Medical Brach, Galveston, TX. All work with infec-
tious CCHF and Dugbe viruses was carried out in BSL4 and
BSL3 containment laboratories, respectively. All other in-
fectious viruses were handled under BSL2 conditions.
Hazara virus, Qalyub virus, Punta Salinas virus, and Raza
virus RNA was extracted using the ABI Prism 6700 Auto-
mated Nucleic Acid Workstation according to the manufac-
turer’s instructions using the noncellular lysis reagent for
RNA extraction. For all of the remaining viruses, the
lyophilized virus was resuspended in PBS and placed in
TriPure (Roche). Virus RNAs were extracted and purified
using an RNaid kit (Q-Biogene) according to the manufac-
turer’s instructions.anel A) Maximum likelihood analysis of the aligned nucleotide sequences of
of the known serogroups of the genus Nairovirus was performed using
position bases were highly variable among the viruses analyzed. Up to 70%
e phylogenetic estimates. For this reason, maximum likelihood analysis was
el was used and included empirical nucleotide frequencies (A = 0.328, C =
oportion of invariable sites, and gamma distribution shape parameter. The
nsversion ratio of 1.68. Bootstrap analysis was carried out by the maximum
t. Bootstrap values greater than 50% are shown next to the relevant nodes.
educed for this region of the L polymerase protein. The analysis utilized the
topology of which differed in a minor way, with the position of Hazara and
by 500 repetitions of the analysis of pseudoreplicated data sets. Bootstrap
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Hazara virus, Qualyub virus, Punta Salinas virus, and
Raza virus cDNA was synthesized and PCR reactions were
set up, using the ABI prism 6700 workstation. All remain-
ing viruses were reverse transcribed and amplified in
single-tube RT-PCR reactions (Access Quick RT-PCR,
Promega; primers 7385 and 6942 +). Each reaction
contained 1 Access Quick master mix, 50 pmol of each
primer, 5 U of AMV reverse transcriptase, and 1% of the
RNA from a single extraction in a total of 50 Al. Reverse
transcription was performed at 42 jC for 60 min and
reverse transcriptase inactivated at 94 jC for 2 min. PCR
reactions were then performed using 40 cycles of 94 jC for
1 min, 42–50 jC (ramping over the 40 cycles) for 1 min,
an extension at 72 jC for 3 min followed by a final
extension of 72 jC for 7 min. Each reaction was electro-
phoresed on a 1% agarose gel and RT-PCR products were
visualized. DNA products produced by PCR were purified
on Qiaquick spin columns (Qiagen), and sequenced direct-
ly by use of a Big Dye Terminator Cycle Sequencing
Ready Reaction Mix (ABI) and an ABI prism 3100 genetic
analyzer.
Sequence analysis
Obtained sequence chromatograms were analyzed using
Sequencher version 4.0.5. software (Gene Codes Corp.).
Virus sequences were aligned using the PILEUP program of
the Wisconsin Package Version 10.2 (Accelerys, Inc.).
Phylogenetic analysis was done using PAUP4.0b10 (Sinauer
Associations Inc., Sunderland, MA).Acknowledgments
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